Aim: Hepatitis C virus (HCV) is the leading cause of hepatocellular carcinoma (HCC) in the United States. Achieving sustained viral response with interferon (IFN) treatment reduces the risk from 3%-5% to 0.5%-1% annually. Several studies reported unexpectedly high rates of HCC after treatment with direct-acting antivirals (DAAs). The aim of our study was to compare HCC rates in DAA-, IFN-treated and untreated populations.
INTRODUCTION
Hepatocellular carcinoma (HCC) is the fastest rising cause of cancer-related death in the United States [1] . In most developed countries, chronic hepatitis C virus (HCV) infection is the leading risk factor for HCC. Approximately half of the increase in HCC cases in the United States may be accounted for by the aging cohort with chronic HCV infection [1] . Though the presence of cirrhosis is an important risk factor for the development of HCC in HCV-infected individuals, HCV itself may have pro-carcinogenic properties [2] . Specifically, the virus induces tumor development indirectly via inflammatory and pro-fibrotic host responses and may also exert direct oncogenic effects upon the infected cell, via deregulation of host cell checkpoints, oxidative stress and DNA damage [2] .
Patients with HCV-related cirrhosis have a risk of developing HCC, estimated at 3%-5% per year [3] . The risk is further enhanced by alcohol misuse, diabetes mellitus, obesity and coinfection with hepatitis B or HIV [4, 5] . Studies have shown that achieving sustained viral response (SVR) after interferon (IFN) treatment reduces the risk of HCC to 0.5%-1% per year [6] [7] [8] . It was originally believed that IFN reduced the risk via antiviral as well as direct anti-tumor effects but non-sustained responders to IFN do not achieve the same reduction in HCC risk [9] . This may be related to the fact that IFN delays the development of HCC but does not prevent it in the presence of persistent viremia and cirrhosis.
With the FDA approval of IFN-free regimens in 2014, it was anticipated that the risk of HCC would be further reduced due to their high SVR achievement rates (upwards of 95% compared to approximately 56% with pegylated-IFN and ribavirin regimens) [10, 11] . Thus it was surprising when several sentinel European reports published in 2016 raised concern for increased rates of HCC in patients treated with IFN-free direct-acting antiviral (DAA) regimens. Most of the studies reported increased rates of HCC recurrence but a few reported increased rates of de novo HCC. Some of these tumors were diagnosed within weeks to months of DAA treatment and several studies observed that tumors were unusually aggressive and locally invasive on imaging [12] [13] [14] [15] . Later, conflicting studies were published that did not show evidence of increased risk of HCC, with follow-up periods of up to 15 months [16] [17] [18] .
However, all the studies had significant limitations. They were observational in nature, each with small numbers of patients. They evaluated heterogeneous populations with varying numbers of patients with cirrhosis. The question was raised as to whether the perceived increased risk was an artifact of selection bias, whereby older patients with more advanced liver disease and additional risk factors for HCC are being treated with DAA than would historically been treated in the era of IFNs.
The development of a safe, efficacious and well-tolerated treatment has revolutionized the landscape of HCV treatment. Patients treated with DAAs have been shown to have lower rates of decompensation and model for end-stage liver disease (MELD) score progression than those not treated with DAA agents [16, 19] . Finding a correlation between DAAs and HCC development or recurrence would have major implications. Thus, to find a more definitive answer to this question, we compared rates of HCC occurrence and recurrence in DAA-treated persons with IFN-treated and untreated patients in a meta-analysis of all published studies.
METHODS

Data sources
A comprehensive literature search was performed using ScienceDirect, Ovid®, Web of Science, MEDLINE, Google Scholar and the Cochrane Library. Abstract books from the major international hepatology meetings including European Association for the Study of the Liver and American Association for the Study of Liver Diseases were also examined thoroughly for additional studies. We searched databases from inception through January 2019 and included studies with human subjects which measured rates of HCC occurrence or recurrence in persons infected with HCV.
Study selection
We considered retrospective or prospective observational cohort studies and randomized controlled trials as eligible studies for analysis. We included studies if they assessed (1): de novo HCC development in patients with chronic HCV; or (2): HCC recurrence in patients with chronic HCV who had received successful HCC curative treatment and were believed to be cancer-free at the time of HCV treatment. HCC treatments which were categorized as being potentially curative included liver resection, microwave coagulation therapy, percutaneous ethanol injection therapy, radiofrequency ablation, and liver transplantation. We included HCV-infected patients regardless of the presence or absence of cirrhosis and regardless of HCV treatment status (DAA-treated, IFN-treated or untreated). Subjects with and without SVR were included. Where we found multiple studies from the same population, the most recent studies were included. All full text manuscripts and conference abstracts were considered for inclusion. Studies with missing essential data or with unclear or less rigorous methodology were excluded. We excluded studies with a follow-up period of less than 1 year, to avoid including cases where sub-clinical HCC was likely present at the time of treatment initiation. The quality of evidence in each included study was assessed using the Cochrane tool for risk of bias [Supplementary Tables 1 and 2 ].
Data extraction
We manually pulled data from studies into a pre-formatted standardized spreadsheet containing clinical, demographic and epidemiological headings. In the spreadsheet, studies were categorized by treatment type (DAA-treated, IFN-treated or untreated) and primary endpoint of HCC occurrence or recurrence. They were then further sub-divided into SVR and non-SVR groups where this information was available from studies.
Data analysis
The outcomes evaluated were HCC occurrence and HCC recurrence. Studies with zero events were excluded from the analysis. The incidence rates of HCC occurrence or recurrence were calculated per 100py. Meta-analyses, stratified by type of HCV treatment received (DAA, IFN and never treated), were undertaken to determine incidence rates for each group using a random-effects model. Several studies had performed multivariate analysis adjusting for a variety of factors including age, gender, baseline cirrhosis status, baseline alpha fetoprotein (AFP), ethnicity and Child-Pugh score. We used a mixed effects meta-analysis to calculate the overall adjusted and unadjusted hazard ratio of DAA treatment, using studies with multivariate analyses. Several sub-analyses were performed, including exclusion of any HCC event diagnosed within the first six months after the completion of treatment for HCV, and the calculation of the annualized HCC rate for the second year after HCV treatment. In order to obtain this data, we manually extracted information from studies where the time-to-event for each HCC event was recorded.
For baseline characteristics within individual studies, data were weighted, then pooled and P-value generated using GraphPad Prism software.
RESULTS
We retrieved 3145 citations after the electronic database search. After excluding duplicates and studies which did not pertain to the patient population or outcomes in question, we included a total of 138 studies (n = 177,512). We found 81 studies looking at de novo HCC occurrence (n = 172,636): 31 studies of IFN-treated persons (n = 71,443), 44 studies of DAA-treated patients (n = 91,249) and 6 relating to untreated subjects (n = 9944). We included 57 studies which evaluated HCC recurrence (n = 4876): 16 studies of IFN-treated populations (n = 1043), 33 relating to DAA-treated (n = 2186) and 8 studies of untreated patients (n = 1647). There were 16 DAA studies which examined both de novo and recurrence rates of HCC. Figure 1 contains study flow chart. Supplementary Tables 3 and 4 contain individual study details.
Both groups had similarly high rates of male patients, due to the inclusion of large studies of Veterans Affairs (VA) hospitals: 91% in the DAA group and 90.3% in the IFN group (P = 0.1992). The rate of SVR in the DAA-treated group was 88.9%, compared to 45.9% in the IFN-treated group (P ≤ 0.001). Overall, mean age was higher in the DAA-treated vs. IFNtreated group (58.4 vs. 52.6 years; P = 0.0073), as was the prevalence of diabetes (34.5% vs. 11.7%; P ≤ 0.001). As expected, mean follow-up was longer in the IFN group: 7.75 vs. 1.46 years (P ≤ 0.001). DAA-treated patients had higher prevalent cirrhosis compared to IFN-treated patients (47.8% vs. 34.2%, P = 0.0017), and among persons with cirrhosis, ChildPugh stage B/C disease was more frequent in the DAA-treated group (19.4% vs. 3.0%, P ≤ 0.001). The AFP levels at the time of initiation of HCV treatment were similar in both groups (6.2 ng/mL in DAA vs. 5.6 ng/mL in IFN-treated, (P = 0.4456)). Mean platelet count was lower in the DAA group (155 × 10 9 /L vs. 197 × 10 9 /L), (P ≤ 0.001), as was mean albumin (3.8 g/dL vs. 4.1 g/dL in IFN (P ≤ 0.001). The prevalence of genotype 1 (GT-1) was 60.8% in the IFN and 85.0% in DAA group (P = 0.0016); the prevalence of GT-3 was not significantly different between groups: 5.1% in DAA vs. 12.4% in IFN (P = 0.8381) [see Table 1 ].
Rates of de novo HCC
The estimated incidence of de novo HCC occurrence after DAA treatment was calculated to be 2.01/100py (95%CI: 1.38, 2.67) compared to 1.45/100py (95%CI: 0.98, 1.94) in IFNtreated subjects. In patients who had never been treated with HCV therapy, the rate of de novo HCC was significantly higher than IFN-treated groups at 4.41/100py (95%CI: 2.10, 6.90). We performed a sub-group analysis by SVR status: patients treated with DAAs who achieved SVR developed HCC at a rate of 3.57 per 100py (95%CI: 1.63, 5.88) while the IFN-treated SVR group had a lower estimated incidence rate of 0.70/100py, (95%CI: 0.41, 1.04). The DAA SVR sub-group had an unexpectedly higher rate of HCC occurrence (although not statistically significant) than the overall DAA group. This may be explained by the fact that not all studies reported SVR status, so marginally smaller numbers were available for this sub-group analysis, which may have arbitrarily included the studies with higher rates (n = 87,952 in the sub-group analysis compared to 91,249 in the entire DAA group). In the non-SVR sub-groups, DAA-treated patients developed HCC at a rate of 9.83/100py (95%CI: 3.77, 16.22) . Their IFN-treated counterparts who did not clear HCV had a de novo HCC incidence rate of 2.94/100py (95%CI: 1.88, 4.04) [ Figure 2 ].
We performed an additional smaller meta-analysis of the five studies that performed multivariate-adjusted hazard ratios (adjusting for gender, baseline cirrhosis, and patient age), and found no increased risk of de novo HCC in patients treated with DAA compared to the IFN-treated population: unadjusted HR of 1.76 (95%CI: 0.001, 4.70) and adjusted HR of 0.58 (95%CI: 0.20, 1.07) [ Figure 3 ]. When we looked at de novo rates in the second year after treatment with DAAs, we found a similar incidence rate of 0.88 per 100py, (95%CI: 0.0001, 1.94) compared to a second-year annualized incidence rate of 0.55 per 100py, (95%CI: 0.03, 1.29) in IFN-treated patients. We then excluded any cases of de novo HCC occurring within six months after end-of-treatment and obtained an incidence rate of 1.12 per 100py (95%CI: 0.43,1.98) in the DAA group and a higher incidence rate of 3.01 per 100py (95%CI: 0.033, 9.02) in the IFN group, which did not reach statistical significance. Figure 5 ].
Rates of recurrent HCC
DISCUSSION
Our study is the largest meta-analysis to evaluate the risk of HCC after treatment with DAA therapy published to date. The results demonstrate that the risk of de novo HCC is similar between IFN-and DAA-treated cohorts. In the sub-group analysis by SVR, non-SVR IFN and non-SVR DAA groups had similar rates of de novo HCC, although the confidence interval for the DAA cohort was wide because of the very small numbers who did not achieve SVR. Those who achieved SVR with IFN had a significantly lower rate of HCC occurrence than the DAA-treated SVR group. We postulate that this is because patients who could tolerate and achieve viral clearance with IFN therapy were a very well-compensated group with minimal liver disease. Indeed, we observed that the entire IFN-treated group was significantly younger and had less cirrhosis, less diabetes and lower Child-Pugh scores than DAA-treated patients. This echoes many of the other previously published studies [20] [21] [22] [23] . In our meta-analysis of hazard ratios, after adjusting for a number of risk factors for HCC, we found that the rates of de novo HCC were lower in the DAA-treatment group compared to IFN-treated, although this did not reach statistical significance. This finding reinforces the hypothesis that "higher-risk" patients receive treatment with DAA agents than were treated with IFN in the past, thus leading to selection bias. There has been particular concern about the rates of HCC recurrence following DAA treatment, which were felt to be even more pronounced than the risk of de novo HCC [12, 14, 24] . However, we found no increased risk of HCC in DAA-treated patients compared with IFN-treated patients, and after adjusting for risk factors such as age and cirrhosis, the DAA-treated group trended towards a lower rate of recurrent HCC, although this did not reach statistical significance.
Our meta-analysis excluded any studies with less than one year of follow-up after end-oftreatment; this rigorous exclusion was not performed in another recent meta-analysis [25] . We believe that helped to mitigate any increase in rates of "early" HCC post-treatment due to sub-clinical HCC which may have been present prior to the initiation of antiviral therapy. We also performed a sub-group analysis, whereby HCC events occurring within six months of end-of-treatment were excluded, and we measured HCC rates in the second-year posttreatment. Our strict exclusion criteria and subgroup analyses were designed to mitigate surveillance bias, where patients who undergo treatment for HCV may be monitored more closely in the months following treatment due to more frequent visits to a hepatologist and may be more likely to undergo HCC screening with abdominal imaging. Limitations of our study include its retrospective observational nature thus allowing for confounding variables since many of these studies were not initially designed to compare rates of HCC, and the heterogeneous nature of the studies which had variable lengths of follow-up, differing percentages of patients with cirrhosis and different individual DAA treatment regimens. Furthermore, none of the studies which included both DAA-treated and IFN-treated persons adjusted for the exact same baseline risk factors for HCC, so this limited the validity of comparing the studies directly and deriving hazard ratios. There was minimal accounting for indication bias, which is one of the criticisms of these studies. Finally, there was a disproportionate number of male patients included in the meta-analysis, due to the high number of subjects in the VA studies: 64,306/93,435 DAA-treated and 50,143/72,486 IFNtreated subjects included in the meta-analysis were acquired from VA-based studies. Given that the veteran patient population has higher rates of smoking and alcohol use than the general population, the risk of HCC in this subgroup was likely higher which may have skewed the results (although approximately equal proportions of DAA and IFN-treated patients were obtained from VA data).
The debate on whether or not DAAs increase the risk of HCC has been ongoing for several years now. Initial reports from Europe first raised concern, and multiple studies confirming and refuting this theory have since been published [12] [13] [14] [15] [16] [17] [18] 26] . The immune theory and liver regeneration theory are some of the most commonly cited theories for the perceived increase in HCC after treatment with DAA therapy. After treatment with DAAs, the HCV virus becomes undetectable within days to weeks, far more quickly than with IFN-based therapy. It has been suggested that clearing the hepatitis virus rapidly with fall in antigenic load removes the immune surveillance (with CD8+ T cells for example) which protected against the development of neoplasia [27] . It is also thought that as the liver regenerates rapidly after viral clearance, small sub-clinical tumors or areas of metaplasia may grow and become clinically evident [28] .
Small case series have found that tumors are more likely to be multi-focal and tend to have a more aggressive biology in DAA-treated individuals compared to IFN-treated or untreated subjects. Romano et al. [29] describe a particularly aggressive HCC pattern at diagnosis after DAA treatment. In 39% of the 27 patients treated with DAA therapy who developed HCC, there was an infiltrative pattern or more than three nodules present (25% of these cases had vascular invasion or extrahepatic spread). Renzulli et al. [30] found imaging features of microvascular invasion in 70.7% of HCC nodules after DAA treatment; microvascular invasion was present in only 33.3% of HCC nodules that occurred before DAA treatment. However, conflicting studies have also been published: the large CIR-VIR study found infiltrative HCC in 10.8% [26] ; typically up to 13% of all HCC cases are found to be infiltrating and are often associated with background hepatitis B infection [31] . The study by Zanetto et al. [32] evaluated 9 DAA-treated explanted livers with 14 control (untreated) liver explants and found no difference in median number and total tumor volume of HCC nodules, tumor differentiation, or microvascular invasion. Clearly, more studies evaluating the biology of tumors after DAA treatment are required before a definitive conclusion can be drawn.
The high efficacy and tolerability of DAAs has resulted in their use in patients who have more intrinsic risk factors for HCC, including advanced age, diabetes and cirrhosis. Several studies have shown the patients treated with DAAs have more risk factors than historical IFN-treated cohorts. The US Veterans Administration study by Li et al. [20] demonstrated the "warehousing" of HCV-infected patients which took place in the years leading up to the release of DAAs. They showed that patients who received the first available DAA agents had the most advanced liver disease and higher rates of HCC as a result, because HCV treatment had been deferred in anticipation of an efficacious tolerable regimen.
Fangazio et al. [33] showed that patients who developed de novo or recurrent HCC after DAA treatment were less likely to achieve SVR (SVR12 rate of 64% in patients with HCC compared to 95% in their counterparts without HCC, which is much more typical of the DAA viral clearance rates). This finding suggests that in patients who do not achieve SVR with DAA, clinicians should have heightened levels of suspicion for underlying undetected HCC. A study by Beste et al. [34] also found that HCC patients had lower rates of viral clearance than patients without HCC, even after adjusting for cirrhosis and genotype. It has been postulated that the virus within tumor cells could be inaccessible to DAAs because of differential blood supply, which prevents the clearance of virus. Furthermore, HCC arises in the setting of chronic inflammation with alterations in the hepatic architecture and microenvironment, including cytokine and chemokine populations [35] . This altered immune environment may predispose to treatment failure and to the development of liver cancer. A study by Tachi et al. [36] revealed that higher total bilirubin levels and higher liver stiffness measurements (as measured by ARFI elastography) prior to DAA treatment were positively associated with occurrence of HCC after achievement of SVR with DAA therapy. Clearly a risk of HCC still exists even after SVR with DAA treatment, so surveillance imaging should not be ceased even after treatment success.
Even in view of the mixed data, it is evident that the achievement of SVR is the ultimate arbiter of risk of HCC. While many studies have shown no increased risk of HCC after DAA treatment, multiple studies have demonstrated a lower risk of HCC in DAA-treated patients who achieve SVR compared to untreated patients [22, 23, 37] . Treatment with DAAs also portends other benefits such as a decrease in MELD and Child-Pugh score (which sometimes results in delisting for liver transplant and the so-called MELD "purgatory"), and a reduction in the risk of death as demonstrated by the French Hepather cohort [23, [38] [39] [40] [41] [42] [43] [44] [45] [46] . Munoz et al. [39] have estimated that the DAA-induced reduction in MELD score to below the threshold for liver transplantation listing may occur in 592-993 listed patients/year during the first year after treatment, and that 213-515 donated livers/year could be redistributed as a result. As more time passes since their development and additional studies with longer follow-up are published, the benefit of treatment with DAAs and the lack of a causative effect on carcinogenesis becomes clearer. It is now evident that withholding DAA treatment denies patients the possibility of a significant improvement in liver disease and consigns patients to a higher risk of HCC development.
In conclusion, we did not find evidence of increased rates of de novo HCC or recurrence in DAA-treated compared with IFN-treated patients. Compared to those treated with IFN, older patients with additional pre-existing risk factors for HCC development were treated with DAA. This imbalance would appear to explain the higher numerical incidence of de novo HCC among DAA-treated patients. Given the success and cost-effectiveness of DAA therapy for the treatment of HCV infection [47] [48] [49] , clinicians should not be dissuaded by prior studies that suggest an increased risk of precipitating HCC development, as this seems to largely be a product of the presence of more advanced liver disease and increased risk factors among DAA-treated patients. Rather, the practice of continued surveillance for HCC for those persons with baseline risk factors, should continue to be reinforced.
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